INTRODUCTION
Bacterial kidney disease (BKD) is caused by the Gram-positive bacterium Renibacterium salmoninarum (Sanders & Fryer 1980) . It is widespread in wild and cultured stocks of salmonids, in fresh and saline water, and is endemic in many parts of the world (Souter et al. 1987 , Jónsdóttir et al. 1998 , Meyers et al. 2003 , Savas et al. 2006 , Chambers et al. 2008 . The bacterium can be transmitted horizontally and vertically via the eggs (Evelyn et al. 1986 ) and survive within mononuclear phagocytes (Gutenberger et al. 1997) . BKD can manifest as an acute or chronic disease and frequently causes great losses in aquaculture. As antibiotics and vaccines have limited effects, control of BKD relies on monitoring and sanitary methods (Pascho et al. 1991 , Gudmundsdóttir et al. 2000 .
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KEY WORDS: Renibacterium salmoninarum · Salvelinus alpinus · Challenge methods · Infection state · Diagnostic assays OPEN PEN ACCESS CCESS middle of the last decade (Kristmundsson et al. 2008) . With extensive monitoring and stamping out, the infection was eradicated, but the industry had to deal with a serious reduction in production over the following few years (Kristmundsson et al. 2009 ).
Infection trials, applying various techniques, have been carried out in economically important salmonid species (Fryer & Lannan 1993) , especially rainbow trout Oncorhynchus mykiss (Pascho et al. 1997 , Senson & Stevenson 1999 , Jansson et al. 2008 and Chinook salmon Oncorhynchus tshawytscha (Murray et al. 1992 , McKibben & Pascho 1999 , Alcorn et al. 2005 , Metzger et al. 2010 , Elliott et al. 2015 . Other species, including Arctic charr, have received less attention: we were able to locate only 2 papers, where Arctic charr, along with other salmonids, were infected with R. salmoninarum by intraperitoneal (i.p.) injection. Jones & Moffitt (2004) studied the swimming endurance of 4 species -bull trout Salvelinus confluentus, lake trout Salvelinus namaycush, Arctic charr and rainbow trout -infected with R. salmoninarum, revealing little difference between the species. In the second study, involving bull trout, lake trout, Arctic charr, rainbow trout and Chinook salmon, the emphasis was on temperature-mediated disease expression and survival (Jones et al. 2007 ). Arctic charr experienced higher mortality after i.p. injection than bull trout and lake trout, but the 3 Salvelinus species showed lower mortality than rainbow trout and Chinook salmon.
The importance of Arctic charr in Icelandic aquaculture and the lack of information in the literature on R. salmoninarum infection in this species were the incentives for the experiments reported in this paper. Different infection models and dissemination of the bacterium throughout the body of Arctic charr, using several tests and multiple organ samples, were studied in 2 sets of experiments. In the first set, 2 infection models, i.e. i.p. injection of bacteria and cohabitation, were tested. Intraperitoneal injection is an established, effective and standardized method, but it does not reflect all traits of a natural infection since the route is not natural and important immunological mechanisms, such as mucosal immunity, are evaded (Xu et al. 2013) . Cohabitation, where infected fish are used to shed the pathogen into the water, mimics natural waterborne infection and naïve individuals placed in the same tank may acquire a waterborne infection (Alcorn et al. 2005) . Following these trials, the question arose whether it would be possible to establish a uniform infection pressure between tanks in a long-standing waterborne challenge. This led to the construction of an experimental setup where rearing water from a tank with infected fish was pumped into several tanks with naïve fish in pathogen-free water. This is hereafter referred to as infection by inflow.
MATERIALS AND METHODS

Experimental fish
Arctic charr fingerlings were supplied by Íslands-bleikja at Grindavík (Samherji). The farm is health monitored on a regular basis, a subset of female broodfish is screened annually for Renibacterium salmoninarum and there is no history of BKD for more than 10 yr. The group used in the i.p. injection and cohabitation experiments had an average weight of 100.5 ± 21.1 g (± SE) and fingerlings with an average weight of 58.8 ± 12.7 g (± SE) were used in the inflow experiment. The fingerlings were reared in 600 l tanks with continuously running, 9−10 l min −1 , fresh or brackish (salinity 15 ‰) pathogen-free borehole water or seawater. The density per volumetric unit was 11.7 kg m −3 at the start of the i.p. injection and cohabitation experiments, and 19.6 kg m −3 in the inflow experiment. During the trials, the fish were fed 2.5−3.0 mm pellets adapted for Arctic charr (Laxá). The temperature was 7−8°C and the oxygen level was 8.3−9.2 mg l −1
. Experimental fish were acclimatized for 2 wk, and 10 fish were sampled (0-controls) before infection trials were begun. Mortality was recorded every other day during the experiments.
The infection trials were approved and performed in accordance with Act no. 55/2013 and regulation no. 15/1994 of the Icelandic Food and Veterinary Authority, MAST.
Challenge bacterium
An Icelandic strain of R. salmoninarum, S-182-90 (Grayson et al. 2000) , was cultivated on kidney disease medium KDM2 at 16°C (OIE 2009). In the i.p. injection and cohabitation experiments, which were conducted simultaneously, bacterial colonies were harvested and suspended in sterile Dulbecco's phosphate-buffered saline (PBS), adjusted to an optical density at 600 nm (OD 600 ) value of 0.7 and used as a stock for bacterial injection. Titration on SKDM agar (OIE 2009) showed 3.5 × 10 8 colony forming units (CFU) ml −1 . In the inflow experiment, the OD 600 value of the bacterial solution was adjusted to 0.7 and the solution was used as a stock for bacterial injection of fingerlings, as a source for the infection.
Challenge methods
Challenge by i.p. injection was established by injecting 0.2 ml of bacterial solution (5 × 10 6 CFU fish −1 ) into the peritoneal cavity of fingerlings. Tricaine methane sulfonate (TMS/MS222) (PHARMAQ, Vistor) was used at a concentration of 50 mg l −1 to anaesthetise fish prior to injection. A total of 140 individuals were evenly distributed between 2 tanks in brackish water and sampled throughout the experiment, which was run for 34 wk.
Challenge by cohabitation, run for 34 wk in brackish water, was accomplished by i.p. injection of 5 × 10 7 CFU fish −1 (shedders) that were marked by excising the adipose fin. Fifteen shedders were placed in each of the 2 tanks with 60 naïve fingerlings each, i.e. 20% of the final group were shedders.
Uninfected fish (N = 30), which served as negative controls for both groups, were reared in a separate tank.
In the inflow experiment, the source of infection was a tank with 160 fingerlings infected by i.p. injection of 0.2 ml of bacterial suspension (2 × 10 6 CFU fish . Two of the receiving tanks were supplied with fresh water and 2 with brackish water at an inflow rate of 9 l min −1
. A pump (Drain it 200, Submersible Pump) was placed at the bottom of the source tank and connected by plastic tubes to the 4 receiving tanks pumping 2 l min −1 into each one. The inflow rate was monitored to ensure an even distribution into the tanks. There were 200 uninfected fingerlings in each of these tanks. After 6 wk, all the source fish were killed but fingerlings in the 4 inflow tanks were reared for additional 3 wk.
Sampling
When sampled and at the end of the experiments, fish were killed by an overdose of TMS. Fingerlings infected by i.p. injection were sampled 2, 7, 25 and 34 wk after injection and cohabitants were sampled 4, 7, 10, 15, 25 and 34 wk after the trial started. The sampling regime included blood and tissue samples from kidney, spleen, mid-gut and hind-gut.
During the inflow experiment, kidney tissue was sampled from 2 fish in the source tank and 8−12 fish from each set of inflow tanks at weeks 1, 2, 3, 4 and 6. Additionally, 8 fish from each set of inflow tanks were sampled at week 9. Blood was sampled at weeks 3, 4, 6 and 9.
Blood was drawn from the caudal vessel and allowed to clot overnight at 4°C, centrifuged and the sera stored at −20°C. Head-kidney and other tissue samples, to be tested by the PCR methods employed, were placed in RNAlater (Applied Biosystems), kept at 4°C overnight and stored at −20°C. Pieces from head-and mid-kidney were placed in sterile plastic bags and processed on the same day for cultivation on SKDM agar and the remaining kidney tissue was placed in a separate bag and frozen at −20°C until ELISA analysis.
Bacterial isolations
To screen for common bacterial pathogens, kidney samples were streaked directly on blood agar (BA) or blood agar with 2% NaCl (BA-NaCl), incubated at 16°C and observed every other day for a week.
For isolation of R. salmoninarum, samples were homogenized, washed and resuspended before inoculation as originally described (Evelyn 1977) and later slightly modified (Benediktsdóttir et al. 1991) . After inoculation onto SKDM agar, the plates were incubated at 16°C and read once a week for 12 wk.
Detection of bacterial antigens by ELISA
Detection of R. salmoninarum antigens, by testing kidney supernatants diluted 1:4 in a double-sandwich ELISA using polyclonal antibodies, was carried out as previously described (Gudmundsdóttir et al. 1993) . Sera diluted 1:50 were also tested using the same ELISA method. This high dilution was necessary to diminish the background in serum samples. The cut-off value for determination of positive samples was 2.3 times the average OD 492 value of 3 negative control samples.
Extraction and detection of bacterial DNA by PCR methods
Extraction of DNA for nested PCR (nPCR) and semi-nested PCR (snPCR) was carried out by placing 20 µl of homogenized samples diluted 1:4 (w v −1 ) in sterile Dulbecco's PBS onto an FTA minicard (Whatman). The card was air dried at room temperature for 1 h and a 2-mm-diameter disc was punched out and placed in a PCR amplification tube. The disc was washed 3 times in the tube with FTA purification reagent (Whatman) and twice with TE buffer (10 mM Tris-HCl and 0.1 mM EDTA) with 5 min intervals between each step as described in the manufacturer's protocol. The disc was air dried in the tube for 1 h at room temperature and used as a template in either the nPCR or snPCR reaction. For quantitative PCR (qPCR), a similar sample was placed on an FTA elute card (Whatman) and allowed to dry at room temperature for at least 3 h. The manufacturer's protocol was followed, where a disc was punched out, washed in water and the DNA extracted by incubation in water at 95°C for 15−30 min. Negative samples were created for each batch of samples by processing discs punched out of clean cards.
The protocol for nPCR (Pascho et al. 1998 ) was used with some modifications (Elliott et al. 2013 ). There are 2 sets of primers that amplify a part of the R. salmoninarum msa gene that codes for the major soluble antigen (Table 1 ). The template used in the first reaction was a disc punched out from an FTA minicard and 1 µl of the amplified fragment from the first re action was template in the second reaction. Briefly, the reaction mixture for both the first and the second reaction had a total volume of 25 µl. The reaction mixture contained sterile water, 0.2 mM of each nucleotide, 2 mM of MgCl, 20 mM of Tris-HCl (pH 8.4), 50 mM of KCl, 1 µM of each primers and 0.625 U of Platinum Taq DNA polymerase. Thermal cycling was carried out using a Peltier thermal cycler (PTC-200 MJ research, Bio-Rad) for both the first and second reactions with an initial denaturation step at 94°C for 10 min and followed by 30 cycles of denaturing at 94°C for 30 s, annealing at 60°C for 30 s and extension at 72°C for 1 min. Samples obtained during the inflow challenge were tested using nPCR.
For one-tube snPCR, 3 primers were designed within the msa gene (Arnason et al. 2013) . Two primers, For_msa and Rev_msa, amplify a fragment of 271 base pairs and a third primer, nRev_msa, am plifies the second fragment of 196 base pairs within the first fragment along with the For_msa primer ( Table 1) .
The melting temperatures for the primers are 57.3°C for the For_msa primer, 55.3°C for the Rev_msa primer and 50.4°C for the nRev_msa primer. The reaction mixture, in a total volume of 25 µl, contained sterile water, 0.24 mM of each nucleotide, 2 mM of MgCl, 24 mM of Tris-HCl (pH 8.4), 60 mM of KCl, 1.6 µM of For_msa and nRev_msa primers, 0.8 µM of Rev_msa primer and 0.625 U of Platinum Taq DNA polymerase (Invitrogen). The template for the reaction mixture was a disc punched out from an FTA minicard. The thermal cycling was done with a Peltier thermal cycler under the following conditions: 12 cycles of amplification (denaturation at 94°C for 30 s, annealing at 61°C for 2 min (annealing temperature lowered by 0.5°C for each cycle) and extension at 72°C for 30 s), followed by another 14 cycles of amplification (denaturation at 94°C for 30 s, annealing at 55°C for 2 min and extension at 72°C for 30 s). Yet another 17 cycles of amplification were carried out (denaturation at 94°C for 15 s, annealing at 45°C for 15 s and extension at 72°C for 15 s) along with a final 10 min elongation period at 72°C. Prior to the thermal cycling, the samples were heated up to 94°C for 10 min as required for antibody-mediated hot-start of Platinum Taq DNA polymerase. Samples obtained during the i.p. injection and cohabitation challenges were tested using snPCR.
Gel electrophoresis for separation of nPCR and snPCR amplicons was performed on 2% agarose gels (Saekem) that included ethidium bromide (Sigma). The bands were visualized under UV light and compared with a prestained ladder (1-kb DNA standard, Invitrogen).
In the qPCR test, a 69-bp region from the msa gene was detected (Chase et al. 2006) (Table 1 ). In the current study, the probe was modified by utilizing a minor groove binding (MGB) linked with a nonfluorescent quencher (NFQ) (Elliott et al. 2013) In the original publication, the 3' end of the RS1262 probe was labelled with TAMRA 
RESULTS
Renibacterium salmoninarum infection was generated in Arctic charr using 3 different challenge methods, i.p. injection, cohabitation and inflow from a tank containing infected fish. Multiple test results from various organs showed that the infection took hold in all exposed individuals. The timescale varied in accordance with the challenge method. Other bacterial fish pathogens were not detected.
Infection by i.p. injection
An infection was established with mortality of ca. 75% occurring between Weeks 6 and 13 post-infection. As the group was sampled over the experimental time, an accurate mortality figure could not be determined. Petechiae on the lower abdomen and around the injection site were commonly observed externally, while internally, enlarged and grey kidney, pale liver and empty gut were the prominent observations. R. salmoninarum was isolated on SKDM agar from all kidney samples at Week 2 and 75% of samples at Week 7 post-infection, while all samples at Weeks 25 and 34 were negative, Fig. 1 .
Detection of R. salmoninarum antigens, using ELISA, is shown in Fig. 1 . Kidney samples were positive at all sampling times with very high readings that were starting to decline at the last sampling point. All but 1 ELISA readings in serum samples were positive at 2 wk (91.7%), 5 of 12 at 7 wk (41.7%), 3 of 11 at 25 wk (27.3%) and 1 of 8 at 34 wk (12.5%). The mean ELISA value for serum samples was highest after 7 wk (OD 492 = 1.455).
The snPCR and qPCR results for fish infected by i.p. injection are shown in Fig. 1 . At 2 and 7 wk, the majority of samples were positive in all organs. The qPCR categories 4 and 5 were more common at 7 wk than at 2 wk. At Weeks 25 and 34, positive PCR readings were few and mainly obtained by the qPCR method (categories 1 and 2). By pooling all PCR results for Week 25 and Week 34, 6 of 12 and 5 of 8 fish, respectively, tested positive in at least 1 sample by at least 1 of the PCR methods employed. Hence, at the end of the experiment, more than half of the fish had bacterial DNA in at least 1 organ.
Infection by cohabitation
Samples from the shedders used to establish coinfection in exposed fish were highly positive in all tests 4 wk after injection (results not shown). Mortality reached 73% at Week 7 and 90% at Week 10.
Signs of BKD were not observed in cohabitant fish and only 1 fish died, 3 mo after the experiment started. R. salmoninarum was isolated from 1 sample at Week 4, 3 at Week 7 and 1 at Week 25 (Fig. 2) .
All kidney samples were positive in ELISA at Week 7 (Fig. 2) and the mean OD 492 was highest after 15 wk (3.306). ELISA readings in sera were low with the highest OD 492 mean encountered after 10 wk (0.214).
More than half (6−10) of the 12 fish sampled were positive in 1 of the PCR methods at any given sampling time, except that by Week 15, there were only 2 positive fish, 1 with positive qPCR for the mid-gut and the other with positive qPCR for the spleen (Fig. 2) . The mid-gut was the only organ with positive samples at all sampling times. All qPCR results fell into categories 1 or 2.
The 0-controls for both experiments (N = 10) were negative for R. salmoninarum and other bacterial fish pathogens were not detected. Untreated fish (N = 20), reared in a separate tank throughout the 34 wk, also tested negative.
Infection by inflow from tank with infected fingerlings
The fingerlings that were infected by i.p. injection and used as the source of infection showed severe symptoms after 4 wk, similar to the fish infected by i.p. injection described above. There were no mortalities at Week 6, but most individuals looked moribund and were killed at that time point. R. salmoninarum was isolated on SKDM agar at all sampling times, i.e. 1, 2, 3 and 4 wk after injection, kidney and serum samples showed high readings in ELISA and were positive in nPCR tests (results not shown). Other bacterial pathogens were not isolated.
The inflow fish, challenged with water continuously pumped from the tank with infected fingerlings, were sampled once a week for 6 wk and finally at Week 9. There were neither symptoms of BKD nor mortalities in fingerlings reared in fresh or brackish water. ELISA readings were similar in both groups (Table 2 ). Three kidney samples had low positive ELISA readings after 1 wk, but all kidney samples were negative at Week 2 and 3 while all serum samples were positive at Week 3. After 4 wk, half of the kidney samples and the majority of the serum samples were positive. The reverse was true after 9 wk, when all kidney samples and half of the serum samples were positive.
Three out of the 12 kidney samples were positive in nPCR tests after 6 wk in fresh water and 4 of the 12 samples from fish in brackish water were positive at Week 9 (Table 2) .
DISCUSSION
Arctic charr fingerlings were challenged with Renibacterium salmoninarum using 3 different infection models, i.p. injection, cohabitation and inflow from a tank with infected fish. Infection was established with all 3 methods, showing susceptibility to the bacterium. The results also showed that Arctic charr tolerates R. salmoninarum infection remarkably well when infected by natural routes such as cohabitation and inflow. Tolerance to infections is defined as the ability of a host to limit the impact of a given pathogen burden on host health and ultimately on host performance (Kause & Odegard 2012) .
The course of infection was studied using 3 kinds of diagnostic tests on tissue samples and sera. The use of results from multiple samples and assays can improve the accuracy of R. salmoninarum evaluations, as discussed in recent papers (Elliott et al. 2015 , Guð-mundsdóttir et al. 2017 .
In the i.p. injection trial, infection was already established in every fish tested at the first sampling 2 wk post-injection. Intraperitoneal injection is a widely used, standardized and fast infection method (Jones & Moffitt 2004 , Rhodes et al. 2004 , Coady et al. 2006 , Jones et al. 2007 , Jansson et al. 2008 many factors, such as strain of bacteria, method of cultivation, conditions in aquaria, different fish species and sizes, may influence the results obtained. R. salmoninarum was isolated from all samples at Week 2 and 75% of samples at Week 7, but there were no bacterial isolations at Weeks 25 and 34. This does not exclude the possibility that viable bacteria resided in the kidney in low numbers or in fact elsewhere. There were high ELISA values in serum at Weeks 2 and 7, but background values at Weeks 25 and 34, suggesting clearance of bacteria and bacterial antigens from the circulation. In contrast, the ELISA results for kidney samples showed an abundance of bacterial antigens at all times, indicating accumulation as well as persistence of antigens. Similar results were ob tained in a study run for 115 d where live bacteria were intraperitoneally injec ted (Coady et al. 2006 ) and in a study run for 110 d where killed bacteria were used (Pascho et al. 1997) . All kidney samples, except 1, were positive in snPCR and/or qPCR at Weeks 2 and 7, while there were few and weakly positive samples at Weeks 25 and 34, suggesting considerable clearance of the bacterium. Looking at individual fish, 6 of 12 fish at Week 25 and 5 of 8 fish at Week 34, or half of all fish tested, had positive PCR results (mainly qPCR test results) in 1 or more organ. Considering all results, the question once more arises whether survivors of R. salmoninarum infection suppress or clear the infection. Cohabitation was successfully established in naïve Arctic charr placed in tanks with fish infected by i.p. injection. Only 1 cohabitant fish died during the course of the experiment and that was 3 mo after it was started. This is different from long-term experiments conducted in Chinook salmon where mortality of cohabitants reached 100% by Week 25 (Murray et al. 1992 ) and 26% by Week 40 (Alcorn et al. 2005) . The mechanisms of horizontal transmission are not fully resolved, but ingestion of faecal material from infected fish is an important route of entry (Balfry et al. 1996) . It was not determined in the current experiments at what time point the shedders released a consistent amount of bacteria into the environment, as was done in a similar experiment with Chinook salmon where this was accomplished 20 d after the shedders were injected (McKibben & Pascho 1999) . Since all cohabitants in the current experiment tested positive in 1 or more diagnostic test at the first sampling, 4 wk after the experiment started, it can be concluded that there was a consistent amount of bacteria in the environment before that time point. Looking at the results from the inflow experiment where sera tested positive in ELISA 3 wk after the experiment started and head-kidney tissue a week later, it can be assumed that naïve fingerlings in both experiments started to get infected after approximately 3 wk. There were 3 isolations of the bacterium in cohabitants at Week 7, but none at Week 15. At Week 15, the profile indicated a resolving infection, as modelled previously with kidney samples being ELISA positive and PCR negative (Nance et al. 2010) . However, it seems that there were still some fish with viable bacterium, as there was an isolation on agar from 1 fish at Week 25 and more PCR tests were positive at Week 34 than at Week 7.
Pos. in PCR
The aim of the inflow experiment was to design a natural way to infect groups in several tanks in a uniform manner. The source fish, or shedders, received a high dose of the bacterium and showed clear external signs of infection when they were killed after 6 wk. Fingerlings in the receiving tanks were reared for an additional 3 wk and there were neither symptoms nor mortalities when the experiment was ended and there were no differences observed between groups reared in fresh and brackish water. Using ELISA and nPCR to detect bacterial products in kidney and serum samples, it was demonstrated that this infection method worked. Fingerlings in the receiving tanks started to turn positive after 3 wk and all tested positive in some test when the experiment was ended at Week 9. In that respect, they mimicked the cohabitants as discussed above. The proportion of positive nPCR tests in kidney samples was comparable to the results seen using snPCR in the cohabitation group. These tests have previously given equal results when testing the same samples (Arnason et al. 2013 ). The inflow model offers a natural method of infection where many groups can be subjected to uniform waterborne infection over a long period of time. In immersion models using bathing or dipping, many groups are subjected to the same amount of pathogen over a short period, usually minutes to hours, while in cohabitation, the exposure time is long but the infection pressure between tanks may differ.
Looking at the experiments together, it is clear that R. salmoninarum antigens persisted in the kidney and that bacterial DNA was present in some samples from the kidney, spleen and gut throughout the experimental period. Several reports dealing with injection of inactivated or live R. salmoninarum have shown similar findings (Pascho et al. 1997 , Faisal & Eissa 2009 , Nance et al. 2010 . It can be assumed that lymphoid tissue in the head-kidney and spleen as well as mucosa associated lymphoid tissues in the gut are involved in trapping of the bacterium (Press & Evensen 1999) , but it remains an open question whether, or to what extent, the immune system manages to destroy R. salmoninarum and degrade its components. The idea to test gut samples is based on the fact that the faecal−oral route is important in horizontal transmission of the bacterium (Balfry et al. 1996) , but information on bacterial presence and load in the gut is not available. Positive PCR results for gut samples do not ascertain that all bacteria contributing to a positive PCR were located in the tissue rather than on the surface of the gut. However, the majority of fish with positive gut samples also presented with positive results in the spleen and/or kidney. A noteworthy exception in both groups is Week 25, when the majority of positive samples were gut samples. However, since overall there were few positive samples in Week 25, the significance of this observation cannot be ascertained. High positive ELISA readings in sera were indicative of recent infection in the i.p. injection experiment, but most OD readings were low in the other experiments. Hence, the status of antigens in sera of naturally infected fish is probably not a suitable parameter to ascertain whether an infection is recent or not, and active or not. It is also evident that persistence of antigens in kidney tissue makes it impossible to decide, by ELISA results alone, when the fish in question got infected. Persistent antigens could be one of the explanations for the high percentage of positive ELISA readings in kidney samples from groups of wild salmonids in a number of lakes in Iceland (Jónsdóttir et al. 1998 ) and elsewhere (Meyers et al. 1993 (Meyers et al. , 2003 . In a recent paper, reporting on a population of wild brown trout, it was shown that 92.9% of fish with positive ELISA in kidney samples tested positive by PCR in at least 1 organ (kidney, spleen, gills mid-gut and oesophagus), although culture was negative (Guðmunds -dóttir et al. 2017) . Persistence of bacterial DNA after the death of a bacterial cell is a controversial subject since bacteria and their environment are diverse. In a review on molecular methods (Pascho et al. 2002) , it was concluded that bacterial DNA may be detectable for weeks after the death of bacterial cells, but that free DNA may be degraded quickly. Consequently, positive PCR in studies on R. salmoninarum, a Grampositive intracellular bacterium, may represent live bacteria, culturable or unculturable, or bacteria that have been killed but not disintegrated.
In summary, the susceptibility of Arctic charr to R. salmoninarum was demonstrated using i.p. injection of bacteria, cohabitation and inflow from a tank with infected fish. There was no mortality in the cohabitation and inflow groups, but multiple test results from various organs indicated that the infection took hold in all exposed individuals. The results further suggested that some individuals may clear the infection, but that viable bacteria will remain in a proportion of the population, so the bacterium is not cleared from the herd. Cohabitation and inflow models will be useful in further studies on natural infection in individual fish as well as in herds and for studying how different external factors may influence any given situation.
